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The Human Y Chromosome:
A 43-Interval Map Based on
Naturally Occurring Deletions

Douglas Vollrath, Simon Foote, Adrienne Hilton, Laura G. Brown,
Peggy Beer-Romero, Jonathan S. Bogan, David C. Page

A deletion map of the human Y chromosome was constructed by testing 96 individuals with
partial Y chromosomes for the presence or absence of many DNA loci. The individuals
studied included XX males, XY females, and persons in whom chromosome banding had
revealed translocated, deleted, isodicentric, or ring Y chromosomes. Most of the 132 Y
chromosomal loci mapped were sequence-tagged sites, detected by means of the poly-
merase chain reaction. These studies resolved the euchromatic region (short arm, cen-
tromere, and proximal long arm) of the Y chromosome into 43 ordered intervals, all defined
by naturally occurring chromosomal breakpoints and averaging less than 800 kilobases in
length. This deletion map should be useful inidentifying Y chromosomal genes, in exploring
the origin of chromosomal disorders, and in tracing the evolution of the Y chromosome.

Among human chromosomes, the Y is
unusual in that most of the chromosome
does not participate in meiotic recombina-
tion. This precludes construction of a ge-
netic linkage map for most of the chromo-
some. Instead, identification of Y-linked
genes has depended on physical mapping
based on naturally occurring deletions.
Such deletion mapping of the Y chromo-
some is practical because individuals with
deletions of portions of the chromosome are
viable and occur at a reasonable frequency
in the human population.

Initial attempts to map Y-chromosomal
genes by deletion analysis were based on
correlations of cytologically detectable Y
anomalies with abnormal phenotypes. For
example, cytogenetic studies of six sterile
men with long arm (Yq) deletions led to the
hypothesis that a gene associated with sper-
matogenesis was located on proximal Yq
(1). Similar attempts were made to define
the portion of the chromosome related to
the determination of gonadal sex (2).
These early cytogenetic efforts suffered from
the limited resolution and accuracy of chro-
mosome banding patterns visualized by
light microscopy.

Later, Y-chromosomal deletion maps
were constructed by hybridizing Y-specific
probes to immobilized genomic DNA’s (3,
4). Because the Y is a haploid chromosome,
the ability to determine precisely and accu-
rately the extent of Y-chromosomal DNA
in individuals with informative phenotypes
has been limited only by the number of
probes used. If we assume that each deleted
chromosome has suffered a single break,
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with loss of all sequences on one side and
retention of all sequences on the other,
DNA loci can be ordered according to their
presence or absence in the genome of a
given individual. Analysis of a collection of
such individuals, each harboring a different
deletion, can yield a self-consistent map
comprising a series of ordered intervals.
The boundaries of the intervals are defined
by Y-chromosomal breakpoints in the indi-
viduals used to construct the map. Correla-
tion of the phenotypes of these individuals
with their content of Y-chromosomal DNA
can localize genes. Such deletion mapping
has resulted in (i) identification of the sex
determining gene (5) SRY, as well as a
candidate gene for Turner syndrome (6),
RPS4Y, and (ii) localization of other genes,
including one responsible for the expression
of the minor histocompatibility antigen,
H-Y (7, 8).

Creation of a deletion map results in the
ordering of DNA loci along the chromo-
some. The ordered loci constitute a physi-
cal map with other virtues, apart from its
utility in locating genes. A physical map

Fig. 1. Ordering of Y-chromoso- A

mal breakpoints and STS's by de-

letion mapping. (A) Results of

testing genomic DNA's from four

individuals with partial Y chromo-

somes for the presence or ab- co
sence of four Y-specific STS's.
PCR products were separated by
polyacrylamide gel electrophore-
sis and visualized by staining with
ethidium bromide. (B) Inferred or-
der of breakpoints and STS's, that
is, the simplest interpretation of
the results in (A).
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can be used to compare the structure of the
Y chromosome to that of the X chromo-
some and to study structural diversity of the
Y within the human population and among
primates, thereby gaining information on
both the evolution of chromosome struc-
ture and the evolution of the human species
through paternal lineages. A physical map
can also be used to elucidate the mecha-
nisms by which abnormal Y chromosomes
are generated.

We set out to produce a deletion map of
the Y chromosome based largely on detec-
tion of sequence-tagged sites (STS’s). An
STS is a short stretch of genomic sequence
that can be detected by the polymerase
chain reaction (PCR) (9) and mapped to a
particular point in the genome, where the
STS then serves as a landmark (10). The
speed, sensitivity, and flexibility of PCR
make it the method of choice for both
construction and application of such a de-
letion map. In addition, STS’s and their
corresponding PCR assays can be readily
disseminated through electronic databases.
This provides a common pool of loci for
map construction and allows comparison of
maps made by different investigators. More-
over, the ability to order Y-chromosomal
STS’s suggested a strategy for constructing
an overlapping set of yeast artificial chro-
mosome (YAC) clones encompassing the
euchromatic Y chromosome, as described
by Foote et al. (11). The same PCR assays
used to construct the deletion map also
provided a facile means of identifying Y
chromosomal YACs within a total genomic
library (12). A correspondence between
ordered STS’s and YAC clones was imme-
diately created, simplifying the problem of
ordering YAC’s based on their STS con-
tent.

Y-chromosomal STS’s. To generate a
collection of STS’s providing a near-ran-
dom sampling of the chromosome, se-
quence was obtained from several hundred
previously uncharacterized Y-chromosomal
DNA fragments. The fragments were de-
rived from two recombinant lambda phage
libraries constructed with Y chromosomes
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that had been purified by flow sorting. The
first library consisted of complete-digest
Hind III fragments averaging 4 to 5 kb in
length (13). The second library, construct-
ed with Y chromosomes flow-sorted from a
human-hamster hybrid cell line, consisted
of partial-digest Mbo I fragments averaging
20 kb in length. To counter possible biases,
two different strategies were used to select
clones for sequencing. For the first library,
clones deficient in common interspersed
repeats were identified by probing with total
human DNA; clones showing minimal hy-
bridization were selected. For the second
library, clones showing strong hybridization
with repetitive human DNA were selected;
these should be enriched in interspersed
repeats. In all, 296 distinct sequences were
obtained, comprising 120 kb, or nearly 2
percent of the Y chromosome (14).

Computer matching algorithms were
used to identify sequences that contained
common, interspersed repeats (15). Such
sequences are not suitable for creating
STS’s because they are unlikely to tag a
specific site in the genome. As expected,
the percentage of sequences judged free of
repeats was significantly higher in the first
library than in the second (Table 1). Still,
41 percent of clones from the first library
contained a repetitive element. This obser-
vation is consistent with the hypothesis
that repeats should accumulate on the Y
chromosome as a result of its restricted
meiotic exchange and postulated low gene
content (16). Similar data from other hu-
man chromosomes would provide a useful
comparison. In any case, the presence of
repeats rendered nearly half the Y se-
quences unsuitable for STS generation.

A computer algorithm (17) was used to
select PCR primer pairs from 155 sequences
judged free of repeats as well as from the
sequences of 40 previously characterized
Y-chromosomal DNA probes. Nine addi-
tional primer pairs were selected from
known Y sequences (Table 2). Primer pairs

were initially tested on normal male and
female genomic DNA’s under a single set of
buffer and thermal cycling conditions.
More than 95 percent of primer pairs yield-
ed a product of expected size with these
standardized conditions, facilitating subse-
quent STS mapping and YAC library
screening (18).

For most primer pairs, one of two results
was obtained. Either the STS was Y-specific
as demonstrated by a product of expected
size from male DNA and its absence in
female DNA, or the STS was classified as
“male-female common” because DNA from
both sexes yielded the expected product. A
male-female common STS could derive
from portions of the Y that share sequence
similarity with the X chromosome (19-21),
from regions of the Y that share similarity
with autosomes (22), from contamination
of the flow-sorted libraries with X or auto-
somal DNA, or from failure of the match-
ing algorithms to detect an interspersed
repeat. As a means of distinguishing among
these possibilities, the chromosomal loca-
tion of male-female common STS’s was
determined by scoring DNA’s from the
following hybrid cell lines: (i) a line con-
taining the Y as its sole human chromosome
(23), (ii) two lines together containing 11
different human autosomes (half the human
genome) (24), and, as necessary, (iii) a line
containing the X as its sole human chromo-
some (25). The results revealed that, of 155
STS’s from anonymous phage inserts, 88
were Y-specific, 30 were common to the X
and Y, 25 were common to both the Y and
at least one autosome, 10 were autosomal,
and 2 were X-specific. The 30 X-Y common
STS’s were regionally localized on the X by
means of four hybrid cell lines containing
partial X chromosomes (26). Because of
the highly specific nature of PCR assays,
some of the Y-specific STS’s may actually
derive from regions of X homology. Thus,
the 21 percent of Y-derived STS’s that are
X-Y common may be an underestimate of

Table 1. Common interspersed repeats identified by sequencing 296 anonymous segments of
Y-chromosomal DNA. Segments were obtained from two Y-DNA libraries as described. Some of the
sequences were derived from opposite ends of the same clone but did not overlap.

Number of sequences

Containing repeats

Free of obvious

Totalt
Alu L1 Other* repeats

First

21 (12%) 32 (18%) 22 (12%) 108 (59%) 182
Second

29 (25%) 27 (24%) 10 (9%) 50 (44%) 114
Combined

50 (17%) 59 (20%) 32 (11%) 158 (53%) 296

*Includes matches to human transposable elements, retroviruses, simple sequence repeats, alpha and beta

satelites, mitochrondrial DNA, and unidentified repeats.

TOne sequence from the first library and two from the

second contained portions of both Alu and L1 repeats. These were counted only once in the total.
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the fraction of the euchromatic Y that is
homologous to the X. The 182 STS’s
ultimately used in deletion mapping or
YAC contig construction are listed in
Table 2.

Creation of a deletion map. Deletion
mapping of the STS’s was achieved by scor-
ing their presence or absence in individuals
with partial Y chromosomes. Three hundred
individuals suspected of having Y deletions

Fig. 2 (next page). A 43-interval deletion map
of the human Y chromosome. Along the left
border are listed 96 individuals who carry part
but not all of the Y chromosome [abbreviated
karyotypes are given; the precise nature of
some abnormal Y’s is not known, having been
originally identified as “markers” of unknown
origin; M, male; F, female; H, hemaphrodite (an
individual with both testicular and ovarian tis-
sue)]. Samples WHT 1781A and WHT 1781B
are cloned cell lines from the same individual.
References are provided in the case of individ-
uals for whom some Y-chromosomal DNA find-
ings were described previously. Along the top
border are listed deletion intervals 1A1A
through 7. The short arm telomere (Ypter) is to
the left and the long arm telomere (Yqter) is to
the right. Interval 4B, the only segment present
on all independently segregating Y chromo-
somes, contains the centromere (cen). Listed
immediately below the intervals are 132 Y-chro-
mosomal DNA loci comprising 122 STS’s and
ten unsequenced plasmid or phage clones.
Locus names for genes, unprocessed pseudo-
genes, and heterochromatic repeats are given
in parentheses. The presence or absence of
most loci was detected by PCR; loci scored by
hybridization are indicated by an asterisk; and
five loci were scored by both methods. The
body of the figure represents both experimental
data and inferences. The experimentally dem-
onstrated presence of a locus in an individual is
indicated by a black segment; the inferred
presence (by interpolation) of a locus in an
individual is indicated by a gray segment; ex-
perimentally demonstrated absence is indicat-
ed by a minus, and inferred absence is indicat-
ed by the absence of any symbol. White boxes
represent positive PCR results, and these must
be interpreted in the context of the Y-specific—
repeat nature of the sequences being consid-
ered. It is very likely that these positive results
reflect the existence of closely related, cross-
amplifying sequences in other portions of the Y
chromosome. Gray boxes represent a few PCR
results for repeated or X-Y homologous loci that
are positive but of reduced strength relalive to
results obtained with normal males. Such re-
duced signals could result from contamination
of genomjc DNA'’s, from chromosomal break-
age within a repeat array, or from closely relat-
ed, cross-amplifying sequences elsewhere in
the genome. Within an interval, the order of loci
is not known. Deletion interval nomenclature
was based on the seven-interval map of Verg-
naud et al. (3) and subsequent refinements (40,
42). Inclusion of many individuals studied by
Vergnaud et al. ensured correspondence be-
tween the original seven intervals and the 43
intervals shown here.
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were studied in our laboratory over 10 years.
These individuals were ascertained either by
microscopic detection of an aberrant chro-
mosome or by discordance between sex
chromosome constitution and sex pheno-
type. At the time of DNA collection, a
coarse map of the sex-linked portion of the
chromosome (3) was used to localize grossly
the breakpoint in each individual by screen-
ing with a small number of probes. A
Y-chromosomal breakpoint was detected in
about 150 of the individuals tested (27).
More detailed information on the chromo-
somal breakpoints in some of these individ-
uals and on about 80 of the clones from
which STS’s were derived was available be-
cause of efforts to refine the deletion map by
Southem blot hybridization prior to initiation
of the PCR-based strategy. This information
served as the starting point for construction of
the PCR-based deletion map.

We mapped 104 Y-specific STS’s by scor-
ing the presence or absence of a band of
expected size after resolution of PCR prod-
ucts by gel electrophoresis (Fig. 1). Fre-
quently, an STS was localized to a single
interval with as few as ten reactions, by
successively scoring small numbers of chro-
mosomes selected to provide maximum in-
formation. Most STS’s were initially local-
ized to one of two regions, corresponding
roughly to Yp (the short arm) and Yq (the
long arm), and then further localized by
scoring deleted chromosomes known from
hybridization results to subdivide Yp or Yq.
When STS’s originated from probes present
on the hybridization map, the process was
abbreviated. As mapped STS’s accumulated,
additional chromosomes were recruited from
among the 150 to enhance the resolution of
the map. Selected STS’s mapping to the
same region were scored against chromo-
somes with possible breaks in that region.
New intervals were created when some of
these STS’s were present on a partial chro-
mosome and others were absent. All STS’s
from the region were then scored on the
chromosome and thereby assigned to one of
the two new intervals subdividing the re-
gion. In this way, ordering information was
efficiently extracted from the collection of
deleted chromosomes and 104 STS’s, and a
map of increasing resolution was gradually
constructed (Fig. 2).

The existence of Y-specific repeats dis-
tributed about the chromosome posed a
problem for this mapping strategy (3). Of
the 104 Y-specific STS’s, 18 derived from
such repeats (Fig. 2, white boxes) and could
not be localized to a single interval. Of
these 18 STS’s, 5 originated from probes
that had detected distinct loci on Yp and
Yq in previous hybridization studies (3),
consistent with the PCR results. For some
PCR assays, amplification of normal male
DNA produced a complex pattern of het-

56

eroduplexes, indicative of repeated se-
quences, and in one case (sY55), the pat-
tern was used to map both a Yp and a Yq
locus. Of the 18 Y-specific repetitive STS’s,
15 were conclusively localized to interval
3C, on Yp, with evidence for at least three
other Y-specific repeat blocks, one near the
centromere (intervals 4A to 5H), and two
on Yq (intervals 5I to 6A and 6B to 7).
Three Y-specific repetitive STS’s were not
present on Yp but mapped to two regions of
Yq (intervals 5L and 6B to 7). An addition-
al two assays (not among the 18) were
obviously derived from Y-specific repeats
because each generated two products of
different sizes that mapped to separate in-
tervals, defining a total of four STS’s (sY63,
sY164, sY80, and sY112).

Certain other regions of the Y chromo-
some were not amenable to PCR-based
mapping because they share a high degree
of sequence similarity with the X chromo-
some. Many of the PCR assays from these
regions produced indistinguishable products
from the X and Y chromosomes and, be-
cause the X chromosome is present in all
individuals, could not be mapped with the
panel of Y deletions. Instead, regional lo-
calization of the 30 X-Y common STS’s on
the X chromosome (see above) made it
possible to deduce their likely location on
the Y on the basis of prior knowledge of X-Y
homologies. Of these STS’s, 23 mapped to
proximal Xq, suggesting that they originate
from a portion of Yp with more than 98
percent sequence identity to Xq21 (19).
Seven other STS’s mapped to distal Xp and
probably derive from the pseudoautosomal
region or two sex-linked regions of Xp22.3

and Y homology (21). One STS mapped to -

distal Xq and may derive from a region of
Xg-Yq homology (22). Of the 30 X-Y com-
mon STS’s, 29 were placed on the YAC
contig map of the Y described by Foote et al.
(11), and their locations were consistent
with these inferences.

The Yp-Xq21 homologous region consti-
tutes a large portion of Yp, as suggested by
the 16 percent of anonymous Y-chromoso-
mal STS’s that derive from it. A deletion
map of this region was constructed by iden-
tifying Y-specific restriction fragments for
25 probes and scoring the presence or ab-
sence of these fragments in the genomes of
XX males, XY females, and other individ-
uals with Yp breakpoints (28). These hy-
bridization data were combined with the
PCR data to yield a composite map consist-
ing of 43 deletion intervals covering the
entire sex-linked portion of the Y chromo-
some (Fig. 2) (29). Together, the hybrid-
ization and the PCR vyielded more than
2900 data points for 132 Y loci on the
DNA’s of 96 individuals with partial Y
chromosomes, an average of more than 30
loci scored per chromosome.
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The 97 well-characterized Y chromo-
somes (Fig. 2) derive from human individu-
als, many with abnormal phenotypes. They
represent a valuable resource for localizing
phenotypes to portions of the Y chromosome
by phenotype-karyotype correlations. The
Y-chromosomal phenotypes that have been
identified but for which candidate genes
have yet to be discovered include a gene
necessary for the expression of H-Y antigen;
a spermatogenesis factor; a gene contributing
to gonadoblastoma, a rare neoplasia; and
stature determinants (I, 7, 8, 30). Because
37 of the 43 intervals can be scored by PCR
alone, the extent of Y-chromosomal DNA
present in any individual can be assessed in a
matter of hours with minimal consumption
of DNA. The ability to automate PCR
should allow the scoring of a large number of
chromosomes for many loci, facilitating de-
tection of small rearrangements, the type
most useful in localizing genes.

The nature of Y-chromosomal rear-
rangements. The mechanisms that created
the aberrant chromosomes shown in Fig. 2
are not clear. Of 95 breakpoints falling in
the euchromatic region (intervals 1A1A to
6F), 54 are the result of translocations
between the Y and other chromosomes. In
all but 10 of these 54 cases, the transloca-
tion partner is the X chromosome. These
results are all the more striking when we
consider that the X chromosome makes up
only 2.5 percent of the normal male ge-
nome (31).

The frequency with which two chromo-
somes undergo aberrant recombination is
likely a function of both their proximity
during meiosis and the degree and extent of
nucleotide sequence similarity between
them. In male meiosis, Xp and Yp pair and
recombine at their distal extremes (the
pseudoautosomal region). Mistakes in this
process may account for the 34 XY translo-
cations (in XX males and XY females) in Fig.
2 that involve recombination between Xp
and Yp (32). As discussed earlier, extensive
sequence similarity (outside of the pseudoau-
tosomal region) exists between Xp and por-
tions of Yp and Yq. Of 42 Xp;Y translocation

Table 2. Y-chromosomal STS's. tn.all, 182 STS's
were generated from known sequences or by
sequencing anonymous fragments and ends of
YAC inserts (45). For each STS are listed the
locus designation, PCR primer sequences, and
PCR product size. The "left primer” was arbitrari-
ly defined as corresponding to the sequenced
(or published) strand. All sequences are listed
5' (left) to 3’ (right). PCR products for several
X-Y common and Y-specific repetitive STS's
displayed heteroduplex bands when resolved
by polyacrylamide gel electrophoresis due to
cross-amplifying sequences on the X or else-
where on the Y. These bands were used to score
the presence or absence of Y loci.
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Table 2.
T Lot Primer Fight Primer Szefp) ST5 Lo LeftPrimer Fight Pimer
sY1* DXY814 ACCCGCTAATCTCGGCTATC ATGACGGAAAGTGACGGAGA 100 sY92 DXYS126 TAGCACTCAGAGTGATGTCACC AGTAAAACCAACAGCAAGAACA 211
Y2 DXYS20 GTCCTCAATGAGACCTAGGCC TTAGAGTCTGCATTGGGCCT 219 sY93 DXYS127 CCAGATATGTCCACATGTTCC TTCTAAAACCTGTACATTTGAAGG 320
Y3 DXYS28 GGAACTGGCTTTTCATTTCC AGGTCACCTGGATGGTCAGT 200 sY 94 DYS279 TCATGACAGCCAGGGTATTT TTTGGACATAGTTTITTTGGTCC 150
Y4 DXYS87 CTGCTCTCATCTGGAAGCG GGTGCTGAGGAATGAGACTTG 139 sY95 DYS280 TCCTACAGATGTCCAAAGTGC GATGAGTGACCCCAGAATTG 303
sY5* DXYS86 AGAAGTTTCTTCTCCACCTGC TCTGCCATCCTAATGATGGT 144 sY96° DXYS3 TTCCCATACAATGGTGTGTG AGGTGTAAGGTGGGCAAACT 03
Y6 DXYS15 TATTTATGGAAATTGCCCCC TAATACAAGCCAGACGAGCC 281 sY97 DYS281 AACTTCATCAGTGTTACATCAAGG TGTGGCATTTTGTTATGTGG 104
Y7 DXYS85 ACCACAGGGCCTATCGTG TTTGCTGAGCACCTAGAAGG 201 sY98 DYS282 TGTCAGCAGGCTTAGTTCCT CCTCTTCCCCACTACTTCAA 266
sY8 DXYS125 CCCAGGGTCTAATCACTTGA CAGGGATAAAGGAATTTGTCC 138 sY99°'t STSP GACTCAGGGATCCAGGTTG GCACTGCAACTTTTATGCCT 3s7
Y9 CSF2RA AAATTCAATGGCTTCACTCCA TTCACCAATGGAGTTTTAAACC 100 sY100 DYS196 TAAAGGAACTTCTGTGTGTAAACA TAAGCCAGATAGGGGCTTCT 11
sY 10 DXYS91 ATTCCTTCTCGTGGACATCA GTCTGAGCCATCTCACACCT 107 sY101 DYS197 TTTIGCACCTTCACAGATGA TTCATTGAAAGCTGACACGA 131
sY 11 DXYS$2 CATGTGAACAGTACACATCTCTG ATAATAATTTTCTACACGCAGTTCC 103 sY102 DYS198 CACTACCACATTTCTGGTTGG CGCTGAGTCCATTCTTTGAG 218
sY 12 DXYS83 CCGAAGATTCAGGTTCTGAA GCTTTTGTTTCTTCACTGGG 300 sY103 DYS199 TAATCAGTCTCCTCCCAGCA AAAATTGTGAATCTGAAATTTAAGG 241
sY13° DXYS77 GTGACACACAGACTATGCTTC TCAAGGTTGTTGITTAAGCT 187 sY104 DYS200 CAGCAAAAAGGACTAAGGCA TGGATCTCTGGAATTTGGAA 130
sY14° SRY GAATATTCCCGCTCTCCGGA GCTGGTGCTCCATTCTTGAG 472 sY105 DYS201 AAGGGCTTCTTCTCTTGCTT AGGGAGCTTAAACTCACCGT 301
sY 15 DYS234 TCCTAGGTTATGATTACAGAGCG TGCAGAACATTTGTACTGTTCC 273 sY106 DYS202 AACACGCATTTCCTITTCAA TTTAGCCATAATTATCTGTGGAAGA 231
sY 16 DYS242 CCTGGTGCTTCTGTGAAAAA TGAAAGGAGCATAGTCCTGC 210 sY107 DYS203 TTICTCTGGCTTCCTATICCA ATCCTCCAACAACTGTGGAA 173
Y17 DYS250 CAGACGGAACTATCTCACAGG GCTGAGAACAGTGCTAAGGG 32 sY108 DYS204 TTGTGGATTGTTGITITIGTTG AAGACAATGTTGTACCGGCA 360
sY 18 DYS251 ATTTGGCTTGGAGTCAGTCA TATGAACCAATCTCACCCCC 144 sY109 DYF43S1 AGGAGATGTCAGGACTATCAGC TCCATCCAGCTGGTCATATT 233
sY19 DYS8252 AAACCCATTCTCACCCC TTCCCAAGGTTGCTAGTACA 220 sY110 DYF4451 GCTCACAGTCCAAAAGGAAA GTCTTGTGCAAACTCTGGCT 179
8Y20° DXYS42 TCATAGCCCAAGACAAGGAG ATGGTAAATCCAGCACAGGA 205 sY111  DYF4551 AAAAGCTGAGCTCACCAATG CATTCCACAAGCAATGAATG 200
s¥Y21° DXYS69 CTCTGGGAAACTGACCAAGA CATTAGAGTTATAACCGAGTGCG 322 sY1121# DYF46S1 CATTTGCTCAGTGGGAGTCA ACCTTTCAGTGAGGGTGGAA 12008
Y22 DXYS106 TGAGTTGGCTTGAGCATGTA TACACTTGGAAGGGATCCAA 301 sY113# DYS205 GTTCTTTCCACAGCCCATAG TGGAACACAATCCAAAATTG 290
sY23 DXYS107 AAGTTATCAAAATTTGAGGAAAGC TTGAATTTAACGTGCCCTGT 139 sY114# DYS206 TGCACTCATGGAGACAACAG AACCAGGGTTTICACTGAAA 1450
sY24° DXYSS TATGATGTTAGCCATGGGCT ATGAGGCCAGCATTACTCTG ar3 sY115 DYS207 TTTCACACTGTTAGAMTCAGGC TGGGACACTATGGAGGCTAA 15
Y25 DXYS108 GCATCAACACAGACCAACAA GGTTGGCTACAGAAAGAAGG 326 sY116 DYS208 TGTGTCATTGCACTTTAGCC CATTCCCCATGAAGTCAAAC 147
sY26 DXYS109 AAAAATACAGATGTTCATAGGTTCG TTTACCTATGATCTGGGCCA 170 sY117 DYS2090 GTTGGTTCCATGCTCCATAC CAGGGAGAGAGCCTTTTACC 262
sY27°t DXYS10 AGAAGAAAAACCACAAGCCC TCAACTATGGGGACAGTGGT 240 sY118 DYS210 GTACCTCTGCAGGCACTGAT ACACAATCCAACCTGGCTAA 218
sY28 DXYS110 ACTATTTTGOCCCATGTGGAC ATGAGCTGCTGTCTCAATCC 3n sY119 DYS211 AGGCTCCATCTGTAGCACAC TAACCTTATAGACCAACCCCG 191
Y29 DXYS111 CCCTATCAGCTCTGTAGCCA AGCAGCACAGAACCCTTATG 283 8Y120 DYF47S81 ACATTGTCAATCAGTGTCAAGG AAAAGGCAAGTGAATGAAGC 176
sY30 DXYS112 CTTCAGATCAGATTAAGGTGCTCT GGGAAGCATTGACTGCATTA 231 8Y121 DYS212 AGTTCACAGAATGGAGCCTG CCTGTGACTCCAGTTTGGIC 190
sY 31 DXYS113 TGGCACAATCTCAGCATATG CCTGTCTTTGAGTGGGAGAA 216 sY122 DYS213 AGAATGAGTGCACCTGTAACA CACCCCTAATAATACAGCTTCC 201
sY32 DXYS114 TTTTTCATGAAGTTTGACAAGC ATTGTAAMTATTAAATAGCTGGCC 140 sY123t DYS214 CCGTGTGTTGCTGGGCTGTC GGGGTTTATACTGACCTGCC 649
sY33 DXYS115 TGAAAACTGGCTCTCCTCAC AATCAACATTGAGAACATCTGAGA 198 sY124 DYS215 CAGGCAGGACAGCTTAAAAG ACTGTGGCAAAGTTGCTTTC 109
sY343 DYS253 ACTGTGAGCGAGCTGAAAAT GCAGCCTTGTGAACCAATTA 280 sY125 DYS216 GGGATAGGGAAAGGGTACAA CCGGGAGAAAAAAAACTGAA 200
sY35 DXYS118 CATTCTCGTGAGCTTCCTGT CGCTGTGACTCGGATAACTT 328 sY126 DYS217 AAAAATGAGTGGCACTATGTACA  CTTTCAAGTGCATACATGGIG 323
8Y36° DXYS2 GAGTAACGTTGTAACATAGAATTGC ATTGAGATGTGTACTTTTCCACA 199 sY127 DYS218 GGCTCACAAACGAAAAGAAA CTGCAGGCAGTAATAAGGGA 274
sY37°t DXYS6 TTTCTGTGTATGTGTCACAGAGC TGTGTTAGCCCTTCTTITGC 238 sY128 DYS219 GGATGAGACATTTTIGTAGG AGCCCAATGTAAACTGGACA 228
sY38 DXYS117 ATGCTGCTGTGITICTGTGT AAAATTTGAGACTTCCTTGC 184 sY120 DYS220 AGCTTCAGGAGGTTCAAAAC AAGTGGGACCTAAGCTACGA 194
sY39 DXYS118 TGAGAAAAATATGAACAAAGCTG TGCTGATGGAAAGGTTATATAGG 330 sY130 DYS221 AGAGAGTTTTCTAACAGGGCG TGGGAATCACTTTTGCAACT 173
sY40° DXYS8 CTTGGCAGGACTGCTAATTG TGCTTAAAAAGCCATCTGG 241 sY131 DYS222 ACATATCCCTTGCCACTTCA TCAGGTACCTTCTGCCTGAG 143
sY 41 DXYS119 CCCAATCTCTCCTGGCTATT TGTAACCATGCAACCATGAG m sY132* DYS7 GAGAGTCATAATGCCGACGT TGGTCTCAGGAAGTTTTTIGC 159
sY 42 DXYS120 TCTTGATTTAACTCTCAACCTGG CCATTGTACTGGAAGCCCTA 260 sY133 DYS223 ATTICTCTGCCCTTCACCAG TGATGATTGCCTAAAGGGAA 177
sY43 DYS254 CCTTTCATGACGTATAGCTGG AAMGTTTTGAATACCAAGAGAAGG 300 sY134 DYS224 GTCTGCCTCACCATAAAACG ACCACTGCCAAAACTTTCAA 301
sY44 DXYS121 GAAATTGACAGATCAGCTACTGG GAGGGTAAGGTGGCTGAATT 259 sY135 DYS225 CATTTCCACATTATGATAATTATGC ACCCAGAGAGTAGAAACAGTGC 253
8Y45t DYS255 CTCATGCAAATATGACTTTAATAGC TGATGATTTTCTCAATGTGAGG 170 sY136 DYS226 CACATGAAGCACTGGAACTG GTTGTCTGGAAATCCCTGTG 235
sY 46 DXYS122 TATTTGTGGGAAAATCTGGC CCAGATGCCACAGTTCACTA 202 sY137 DYF48S1 AGGGTAAAATGCATAAGCCC TTATCCTGCTGCTGGGTAAG 312
sY47° DXYS® ATCTGTGAAGCACCCACTGT CCTGTTGCAAATGACAAATG 174 sY138 DYF48S1 CACATGAAGCACTGGAACTG AGGGCCTGAGTCTCCAGG 170
sY48° DXYS12 GAGGCAATCACAAATTCTGG TGGCTGAATGATAACCCATT 329 8Y130 DYS227 TTCAGAGGAATCATGTGGGT AATGTTTCATCACCATTATCCC 120
sY49 DXYS123 ATACAGCTTTATTTICTTGCTTITC CGTGTTTCAAAACGCTGTAG 104 sY140 DYS228 ACAAGTCCTCAAACACACTGG CTCCATGCTTGCTTTITCTC 107
sY S0 DXYS124 TTAAAGGCATTGGTGGAAAA TACTTTCCCTGTTTGTGCCA 169 sY141 DYS229 GCAGTTCCATTGTTITGCITC GCAGCATAATAGCTATACAGTATGG 290
sY 51 DXYS128 AAGCACGCCTACCTTCACCT CTTTGCTAGGTAAGACCCACAA 300 sY142 DYS230 AGCTTCTATTCGAGGGCTTC CTCTCTGCAATCCCTGACAT 196
8YS2°t DXYS4 CTCAAAATTTCCGTGTGCTT CGCCAAAACAGGAGATTAGA 202 sY143 DYS231 GCAGGATGAGAAGCAGGTAG CCGTGTGCTGGAGACTAATC 311
sYS3 DYF56S1 CAGACACAGCAGGACTAGCA GCAATTTCAATAGGAAGCCA 231 sY144 DYF50S1 TCATCTGCCACCATCAACAT ACGTGTTTCTACACCTGCCC 143
sY 54 DYF57S1 CCAGAGATTTATGGCAGGTG GGCTGAATCTCCAGCAGTAGT 222 sY145 DYF51S1 CAACACAAAAACACTCATATACTCG TTGAGAATAATTGTATGTTACGGG 160
8Y55°t DYF67S1 CTTTGATICCAGGCATGAAC CTCAACACAAAACCACCCAT 256 sY146 DYFS52S1 ACAAAAATGTGGCTCAGGGA AAATAGTGTGCCCACCCAAA 173
sY 56 DYFS8S1 GACTGCCAGCCTCATAAAAA TCCAGAAGGCATGTTAGGAA 251 sY147 DYS232 TTTCTCGTTTGATGATCCTAG TTAATATGAGAATGAGAACAGATGT 100
sYS7 DYS257 GAACTTGTCGGGAGGCAAT TGATACACTTCCTCCTTTAGTGG 288 sY148 DYS233 AAATGAAAAAAGATACGAAACTCG GAATCCCACCCAAGAATCTG 202
sYS8 DYS258 TTCCCAAGTGTCATCCTGTT AACTACCCCAAATCGGTCTC 144 sY149° DYS1 TGTCACACTGCCCTAATCCT TGGTCATGACAAAAGACGAA 132
sYS9 DYFS9S1 AAATCTGTACATTCCTAACAGCG TGCAAAGGATGGATTTTTGT 267 sY150 DYS235 GGGAGAGTCACATCACTTGG TTGAATTATCTGCCTGAGTGC 158
sY60° DYz24 GGTTTGGGATCCTATTATTGAGTG  TTTTTCCTTAGTATCTAGGCCAATG 311 sY151°° KAL-Y AAATCTGTAGTCTCATATCAATCTG TTACTTGATTTAGCAATAAAAAGG 183
sY61 DYF60S1 GTCTCTCCTGGAAAGAAAACG AACAAAACAAAACAGTCACTGG 221 sY152 DYS236 AAGACAGTCTGCCATGTTTCA ACAGGAGGGTACTTAGCAGT 125
sY62 DYF6181 TGGCTCAAAGGTTTGGAATA GCTATAATGGCTCAAACTACTGG 151 sY153 DYS237 GCATCCTCATTTIATGTCCA CAACCCAAAAGCACTGAGTA 139
8Y63|] DYF6552 AATGTGCCCACACAGAGTTC TGGAAGACCAGGATTTCATG 625§ sY154 DYS238 TTTGCACCAGGATTAAGTGA TTTTTTCAGATAAACTTTCAGTGG 245
sY 64 DYF6251 CAACTGCACTCTCAGAAGAGC TCACAAACATTCAGCGGATA 101 sY155 DYFS53S81 ATTTTGCCTTGCATTGCTAG TTTTTAAGCCTGTGACCTGG 349
sY 65 DYS260 ACTAAAACACCATTAGAAACAAAGG CTGAGCAACATAGTGACCCC 309 sY1568 DYS239 AGGAACTGGCAGGATTAGCC ATGTCAGGGTTTCCTTTGCC 9850
sY66Y DYS261 CTGGACTGCACAAAACAACA AGAATATGGTGGGTGGGACT 203 sY157 DYS240 CTTAGGAAAAAGTGAAGCCG CCTGCTGTCAGCAAGATACA 285
sY67 DYS262 ACCGTGCCTGGCTATTATTT ACAGCATCAAGAGCACATGA 301 sY158 DYS241 CTCAGAAGTCCTCCTAATAGTTCC ACAGTGGTTTGTAGCGGGTA 231
sY68 DYS263 CCCACCCACTTCAGTATGAA AGGCTGACAGACAAGTCCAC 267 8Y159°t1 DYZ2 TACATGTTATGTGCTATGCC CACATTATATAATATGTATGTTGTC 550§
sY 69 DYS264 GGAACAGCATCTTGCTCTGT ACTATGGGAGACCAAGGCTC 234 sY160° DYZ1 TACGGGTCTCGAATGGAATA TCATTGCATTCCTTTCCATT 236
sY70° AMGL AGCTTGGTTCTATCCCATCC ACATTTGTCAGCAGCTTGTG 367 sY161 DYS243 GCTAGTCCAATTTICTTGCCA GCCTAGCAAAGAGTCAGTGC 316
sY71 DYS265 CCATCTGGCTCAATGGTTAG CTGAAGGTGGCCATTTCTTA 122 8Y162 DXYS94 GGAGGATACAGTGCTTGCAT TGTTTGTGTCAGACTATCACAGC 157
sY72 DYS266 CTTGTGTGACATTCCCTCCA ATGTTTGTGGGTCATTCAGG 100 8Y163 DYS244 CTGGGTATTCCCAGATAAAA CTGCTGAAAGGAAATAATTAATT 8
sY73° DXYS1 GAATGTGGAATTGCCTTTIG AGCCCAAATTAGCTAGGTGG 325 sY164|| DYF65S1 AATGTGCCCACACAGAGTTC TGGAAGACCAGGATTTCATG 690§
sY74 DYS267 TTTTAGAGTCATTGGCCAGG CTCTGAAAAAAAGGCAGCAG 132 8Y165 DYS246 CGTCTCAAAAACAAACAAACAA TGTTTCCACATCTGCCATATT 207
sY75° DYF27 TTCAAGAAGAGGGTCACACA TTCTTTCCTGGCATTTATGC 215 sY166 DYS247 GAACTCCAATCATTCCCTGA TTGGCTCTACTTTICCCCTT 115
sY76 DYS268 ATGTACAGGGAGAGACAGATAATAA TCTGTTATACCAACCATCACTACC 115 sY167 DYS248 GAAGGCATTAAGACATAAAGCA ACTTTTGATATGAAACAAACTTCA 117
Y77 DYS269 TTCAAACTCCACAACTTCACTG GTTTTICATTGCTGTCTGTGAGA 322 sY168 DYF54S1 CATTGGTAGAAATATGTAACAGAGG TTGCCCACATATGGGATTAA 175
sY78° DYZ23 TCCTTTTCCACAATAGACGTCA GGAAGTATCTTCCCTTAAAAGCTATG 170 sY169 DYS249 AGCCTGTAGACACATTAGCTCA TTTATTTCTGAAGAAATTACAATGG 194
sY79 DYS270 TTCCATTIGATGTATTCCCG GATTGGACTGGAATGGAATG 216 sY170 DXYS95 GGGAGGAGTATGTCGTTCTC CCAGATGGATTCACAGCATA 134
sY801# DYF46S2 CATTTGCTCAGTGGGAGTCA ACCTTTCAGTGAGGGTGGAA 1075§ sY171 DXYS96 CACATTACTGGTGGGAGGAG CATCATCGCCCTACACTACC 312
sY 81 DYS271 AGGCACTGGTCAGAATGAAG AATGGAAAATACAGCTCCCC 200 sY172 DXYS97 TAGTGGCCATCAGGACAATT CGCTGTTTCTGCATTTTTIT 109
sY 82 DYS272 ATCCTGCCCTTCTGAATCTC CAGTGTCCACTGATGGATGA 264 sY173 DYF5581 AACATCACTTTAAGTGTTCTGCC CAGCACCCAGATGATGTTAC 304
sY83° DYS11 CTTGAATCAAAGAAGGCCCT CAATTTGGITTIGGCTGACAT 275 sY174 DXYS98 ACCGGAATACAGCATGAAGA AGTTGGCTTTGATGGCCTC 83
‘- sY84 DYS273 AGAAGGGTCTGAAAGCAGGT GCCTACTACCTGGAGGCTTC 326 sY175 DXYS99 TGACACCATGTACCCAAATG GGGTTCACAGGTTGTGITTC 109
sY858 DYS274 TGGCAATTTGCCTATGAAGT ACAGGCTATTTGACTGGCAG 360 sY176 DXYS100 GAAGTTTCGAGCACCATTGT ACTCGCCTGGAAGTATAGGC 218
8Y86° DYS148 GTGACACACAGACTATGCTTC ACACACAGAGGGACAACCCT 320 sY177 DXYS101 TGACTGTTGTGATATTTITCTGG TCCTGCACCCATAAATCAGT 267
sY87 DYS275 TCTGTTGCTTGAAAAGAGGG ACTGCAGGAAGAATCAGCTG 252 sY178 DXYS102 TACTAAGAGCCAAAATTCCCA TTCTGACAGCAGGAGACGTG 89
sY 88 DYS276 TTGTAATCCAAATACATGGGC CACCCAGCCATTTGTTTIRC 123 sY179 DXYS103 ACCGGAGTCCTGGTCTCTTG TTCCTCAGGCGTCTTCCC 97
sY 89 DYS277 CTGTTGCAGGAATTAAGGGA TATGGTGAAGGTCATGAGACA 203 sY180 DXYS104 TCACACTGTTGTCTTAACCTGC TTCTCAAGAACCAGGAACCA 108
sY90 DYS278 CAGTGCCCCATAACACTTTC ATGGTAATACAGCAGCTCGC 176 sY181 DXYS105 TTTCTGGAAAATTCATTITTCG TTAGCTTGATTGTTATGITAATTCG 203
sY 91 DYS136 _ CCCAAAAGTGACCACTGACA ATCTTTCCAAAGGGAAATTGG 101 8Y182°° KAL-Y TCAGAAGTGAAACCCTGTATG GCATGTGACTCAAAGTATAAGC 125
° See (44). 1 Scored using heteroduplexes. 1 Anneal at65°C. § Approximate size. |l See (46). YJAlsoadisinctX bcus. # See (47). °° See(48). 11 See (49).
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breakpoints, 19 bound Y intervals known to
contain Xp-homologous sequences (33). In
one instance, the translocation breakpoint
has been sequenced and found to result
from homologous recombination (34).
Thus, a mix of X-Y sequence similarity and
meiotic proximity may account for the ob-
served preponderance of X;Y translocations
in our data set (35).

Other types of recombination events
may have generated deleted chromosomes
elsewhere on the map. The numerous
blocks of Y-specific repeats distributed
about the chromosome could serve as sub-
strates in intrachromosomal recombination
events. For example, isodicentric chromo-
somes could be generated by sister chroma-
tid exchange within a repeat array or be-
tween two separate arrays, provided that
recombination occurred between inverted
repeats on the same arm of the chromosome
(36). Cytologically, the two halves of an
isodicentric chromosome appear identical,
as though a fragment of the chromosome
containing an entire arm, the centromere,
and a portion of the other arm duplicated
and fused at the point of breakage. Of the
97 abnormal Y chromosomes, 14 are known
to be isodicentric (Fig. 2). The breakpoints
of 12 of these 14 cluster in three regions of
Yq and one region of Yp—all regions rich in
Y-specific repeats, which is consistent with
this hypothesis (11, 37).

Interstitial deletions could result from
recombination between direct repeats on
the same arm of the chromosome. The
abnormal Y in WHT1165 may have been
produced by such a process. It has a break-
point adjacent to the centromere and is
missing all euchromatic sequences from Yq,
but the chromosome retains heterochro-
matic repeats from distal Yq that, although
reduced in copy number, are sufficiently
abundant to be detected by in situ hybrid-
ization (38). A degenerate pentameric re-
peat array of sequences like that of satel-
lite-3 lies adjacent to the centromeric
breakpoint, and these sequences are similar
to the DYZI repeats found in the Yq het-
erochromatin (11). Homologous recombi-
nation between similar pericentric and dis-
tal Yq sequences may have created the
interstitial deletion seen in WHT1165.

Two assumptions underlie the construc-
tion of the deletion map: (i) that the order
of thé 43 intervals is the same for each of
the 97 chromosomes studied, and (ii) that
each deleted chromosome has sustained a
single break with loss of all DNA on one
side and retention of all DNA on the other.
To the extent that either of these assump-
tions is not valid, chromosomes with more
than one breakpoint will appear on the
map. Only 5 of the 97 chromosomes show
evidence of more than one breakpoint, an
indication that the assumptions, are, to a
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large extent, valid (39). Several explana-
tions are possible for the five exceptional
chromosomes. First, a chromosome may
have sustained multiple breaks during a
complex rearrangement. The ring Y of
WHT1344 and the well-characterized dele-
tion of WHT1013 (40) may be of this type.
Second, a paternal Y chromosome with a
preexisting interstitial deletion may have
sustained a terminal deletion. Third, Y
chromosomes with inversions or which are
otherwise structurally variant may be pre-
sent in the data set. Structural polymor-
phism has been hypothesized for the Y as a
consequence of its restricted meiotic ex-
change and postulated reduced content of
genes (16, 41). Let us suppose that one of
the 97 chromosomes is a structural variant
in which the order of several intervals is
inverted, and that a single breakpoint falls
within the inverted region. To fit data from
this chromosome to a map based on the
other 96 chromosomes, it would be neces-
sary -to hypothesize an interstitial deletion
as well as a terminal deletion, two more
breakpoints than actually present. The ex-
ceptional chromosome of WHT715 may be
of this type. It displays three breakpoints
and was previously hypothesized to derive
from a structural variant with a paracentric
inversion of Yp (42). If the order of inter-
vals 4A-3C was inverted in the Y chromo-
some of the father, then a single break near
interval 4A could account for the observed
data. Such an inversion would juxtapose
Y-specific repeats present in interval 3C
with very similar repeats near the alphoid
array in 4B (11). The observation that this
chromosome carries an infrequent allele for
a restriction_fragment polymorphism in in-
terval 6 is further evidence that it may be a
rate variant (43). The overall paucity of
apparent interstitial deletions in Fig. 2 sug-
gests that gross structural polymorphism of
the euchromatic Y chromosome is quite
limited, at least among the largely Cauca-
sian population tested here, in contrast to
the findings of some other investigators
(41). With the deletion and YAC maps as
guides, comparison of the structure of the Y
within human populations and among pri-
mates should provide further insights into
the degree of structural polymorphism, the
mechanisms of chromosome rearrange-
ment, and, possibly, the evolution of the
human species.
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